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Automatic analysis of locomotion in studies of behavior and development is of great importance because
it eliminates the subjective inﬂuence of evaluators on the study. This study aimed to develop and test
the reproducibility of a system for automated analysis of locomotor activity in rats. For this study, 15
male Wistar were evaluated at P8, P14, P17, P21, P30 and P60. A monitoring system was developed that
consisted of an open ﬁeld of 1m in diameter with a black surface, an infrared digital camera and a video
capture card. Theanimalswereﬁlmed for2minas theymoved freely in theﬁeld. The imageswere sent to a
computer connected to the camera. Afterwards, the videoswere analyzedusing softwaredevelopedusingocomotor activity
utomated analysis
pen ﬁeld
ehavioral analysis
iomechanical analysis
MATLAB® (mathematical software). The software was able to recognize the pixels constituting the image
and extract the following parameters: distance traveled, average speed, average potency, time immobile,
number of stops, time spent in different areas of the ﬁeld and time immobile/number of stops. All data
were exported for further analysis. The system was able to effectively extract the desired parameters.
Thus, it was possible to observe developmental changes in the patterns of movement of the animals. We
nd dialso discuss similarities a
. Introduction
The acquisition of locomotion is an important part of the proper
evelopment of animals (Barros et al., 2006). Motor development
ollows a pre-determined series of events that is conserved among
ifferent species (Muir, 2000). Many differentmethods can be used
or the study of locomotion (Dunne et al., 2007; Noldus et al., 2001;
ailoo et al., 2010), and one widely used apparatus is the open
eld apparatus (Noldus et al., 2001; Prut and Belzung, 2003; Barros
t al., 2006; Basso et al., 2006; Bellinger et al., 2006; Dunne et al.,
007). This apparatus was initially designed to assist in the study
f emotionality in rodents (Hall, 1934). However, over the years, its
se has been expanded, and its speciﬁc characteristics have been
djusted accordingly (Noldus et al., 2001; Prut and Belzung, 2003).
atings of behavior displayed in the openﬁeld canbemade through
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oi:10.1016/j.jneumeth.2010.12.016fferences between this system and previously described systems.
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observational analysis and can be automatic (or semi-automatic)
(Barros et al., 2006). In the automatic (or semi-automatic) eval-
uations, different techniques may be used to acquire information
from the open ﬁeld, such as the use of infrared photocells (Bellinger
et al., 2006) or the capturing of images (Sams-Dodd, 1995; Noldus
et al., 2001; Dunne et al., 2007). Studies using image analysis usu-
ally are of higher cost than observational studies but suffer less
inﬂuence from the researcher during data processing, as they often
use algorithms that analyze all the data in the same way (Noldus
et al., 2001; Kulikov et al., 2008). Image analysis also allows for the
possibility of acquiring more accurate data, such as tracking the
animal, the average speed and the time or frequency at which it
presents speciﬁc behaviors (Noldus et al., 2001; Dunne et al., 2007).
Meanwhile, this kind of analysis must ﬁt the experimental condi-
tions of each laboratory. This is why there are some differences
between the analysis systems that are currently available. Most of
the existing video tracking systems cannot track an animal under
low illumination and use visible light (Spink et al., 2001; Dunne
et al., 2007), which can interfere with the animal’s behavior. Appli-
cation of infrared illumination seems to be promising. This study
aimed to develop and test the reproducibility of a system capable
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f evaluating the behavioral and biomechanical properties of loco-
otor activity in freely moving rodents based on analysis of digital
mages captured under infrared light.
. Materials and methods
.1. Animals
For this study, 15 male Wistar rats (from eight litters) of the
nimal Nutrition Department, Federal University of Pernambuco
UFPE), were used. The animals were kept at a room tempera-
ure of 22±2 ◦C and in a light-dark cycle of 12h/12h (lights on
t 9pm). Twenty-four hours after birth (P1), the animals were
elected and assigned to groups of eight pups per dam. Females
ere used to complete the number of pups per dam, but they
ere discarded from the analysis. Weaning occurred at 21 days
ostnatal (P21), and after weaning, each cage contained a maxi-
um of four animals. These were housed in polypropylene cages
46 cm×34 cm×20 cm). Water and standard diet (chow – Purina,
razil) were offered freely. All procedures were approved by the
thics Committee on Animal Experimentation (ECAE) of the Fed-
ral University of Pernambuco and follow the recommendations of
heNational InstituteofHealthGuide forCareandUseof Laboratory
nimals.
.2. Supported monitoring
The monitoring apparatus consisted of a circular open ﬁeld (∅
m), boundedbywalls 30 cmhigh. The inner surfaceswere painted
lack, and a soft surface of EVA (ethyl vinyl acetate), also black, was
laced in the bottom of the apparatus to facilitate the movement of
he animal and provide a greater contrast between the animal and
he surface (Fig. 1A). A digital camera was mounted on the ceiling
f the room (VTR® 6638 – CCTV System) and aligned with the ver-
ical line through the center of the open ﬁeld; the camera ﬁlmed
he animal while it moved freely. Its distance from the place of
ttachment to the ground of the ﬁeld was 2.40m. The camera was
ttached to the computer through a video acquisition board. Its rate
f image capture was set to 30 frames per second, and each image
ig. 1. (A) A view of the open ﬁeld with the light on. (B) A view of open ﬁeld with the ligh
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was 240 pixels high and 320 pixels wide. It features 420 lines of
resolution and a speed between 1/60 and 1/100 frames per second.
The imageswere captured in a dark roomusing an infrared camera.
Infrared LEDs were mounted on the camera, and when activated,
they illuminated the open ﬁeld and allowed for imaging of rodents
in the dark. The camera image is saved for further processing in
the mpeg ﬁle type using a program developed in the Delphi pro-
gramming language. It is possible to record images with lighting as
low as 0.1 lux. The room where the experiments were performed
had light less than 1 lux. The use of an infrared camera is important
because it allows experimentation with animals during the dark
phase of the cycle. The video compression was performed during
recording in MPEG. There is no histogram of brightness because we
recorded in the dark and the image capture was performed using
the infrared. The storage capacity of the video depends on the com-
puter’s hard disk, but the system splits the video into ﬁles of 15min
each. Afterwards, the videos were divided into frames for analysis
(Fig. 1B). Using Paint® software, we created a mask to isolate the
image of the animal in the ﬁeld of objects surrounding it (Fig. 1C
and D).
2.3. Systems analysis
We developed a software platform in MATLAB® for analysis of
images taken from each video. Through an interface, the evaluator
enters the data to register the animal and the information used for
the analysis of frames (mass, number of frames, and time between
frames).
Due to the difference in color between the open ﬁeld and the
animal, the program can use the recognized intensity of pixels to
establish all the points that make up the image of the animal. The
binary code analysis system analyzed images using a thresholding
process. A ﬁxed value in pixels of the threshold recognized by the
program was prepared for each age because the animals show dif-
ferences in their coat color tone due to growth. The value of each
limitwas insertedby theexaminerusing a scalewith speciﬁc values
for each age, thus avoiding errors in the recognition of the animal.
The program determines the midpoint in the image of the animal
and uses this to represent the animal’s center of mass. From that
t off. (C) A mask created with Paint® software. (D) The ﬁnal image (C on B) used for
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oint, the xy coordinates of the animal were determined in each
rame. Once the positions of the animal in each of the frames was
etermined, it was possible to reconstruct its trajectory, and by
dding information about the animal’s mass, the number of frames
nd time between each frame, the following could be established.
Distance traveled (m): the sum of all displacements performed
by the animal. The animal was considered to be moving when it
ran a distance of over 50% of its length in a maximum of three
frames. These values were chosen to prevent the system from
considering small rotational movements as displacement. Only
translational movements that were able to move the center of
mass were considered displacement. The program featured an
internal converter from pixels to meters, where the scale of con-
version was added by the evaluator.
Average speed (m/s): the ratio of total displacement by the time
the animal remained in motion. Formula: S/T, where S cor-
responds to the total displacement in meters and T the total
analysis time minus the time of immobility in seconds.
Average potency (mW): potency produced during the period of
displacement. The amount of kinetic energy dissipated by a body
inmotionover the travel timewas calculated. Formula:mV2/2T,
where m is the mass of the animal in grams, V is the average
speed in meters/seconds, and T the total analysis time minus
downtime in seconds.
Time immobile (s): total time the animal remained standing in
the open ﬁeld.
Number of stops: total number of stops made in the ﬁeld.
Time immobile/number of stops (s): relationship between the
time immobile and the total number of stops.
Length of stay in the area (s): the open ﬁeld was divided virtually
into three areas (central, intermediate, and peripheral, with radii
of 0.165, 0.33 and 0.50m, respectively). This parameter gives the
total time the animals were within these areas. The division into
three areas of the arenawas the largest possible value of divisions
thatpreventedolder (and longer) animals frombeingerroneously
positioned in two areas by the analysis system.
These calculations are made assuming that the animal physi-
ally moving is a point object endowed with a certain mass and
erforming random motion. The movements that do not shift the
entroid of the image of the animal, such as simple head move-
ents, are not considered in the calculation because we only
onsider those movements that shift the position of the animal.
hus, it is assumed that any potential energy is converted intomus-
le kinetic energy associated with the actual motion of the centroid
f the image of the animal, which is quite appropriate because we
re only interested in monitoring the locomotive activity of the
nimal.
.4. Reproducibility study
The animals were evaluated at P8, P14, P17, P21, P30 and P60.
hese dates in the neonatal period were chosen because they rep-
esentmilestones in thedevelopment of locomotion (Westerga and
ramsbergen, 1990). Evaluations were performed during the dark
hase of the circadian cycle (between 12:00pm and 2:00pm) so
hat they occurred during the period when the animals are nor-
ally most active. Each animal was placed individually in the
enter of the open ﬁeld and recorded for 2min while it moved
reely. The test duration was chosen based on a pilot experiment,
hen it was observed that animals reduce their locomotion after
hat period, and also with the intention to not accustom the ani-
als to the apparatus and to allow the animals to cover the entire
eld. When the animals were exchanged, the ﬁeld was cleaned
ith sodium hypochlorite and water, and the EVA was changedce Methods 195 (2011) 216–221
to eliminate odors that could affect the behavior of the next
animal.
2.5. Statistical analyses
The datawere statistically analyzed using SigmaStat (v. 3.1). The
Kolmogorov–Smirnov test was performed to determine if the data
were normally distributed. To assess the reproducibility of the data,
each ﬁlm was analyzed by two different evaluators. Reliability was
determined using the Pearson correlation coefﬁcient for each age
and evaluated parameter.
To study development, we performed a one-way ANOVA for
repeated measurements followed by the Tukey test for the param-
eter distance, average speed, average potency, time immobile and
number of stops. For the time immobile/number of stops, we
used Friedman’s test followed by Dunn’s test, and for the time
spent in each of the areas, we used two-way ANOVA (age× area)
for repeated measures followed by the Tukey test. A p value
<0.05 was considered signiﬁcant. The results are expressed as the
mean± standard error of the mean (SEM).
3. Results
In the analysis of data reproducibility, there was signiﬁcant cor-
relation between different evaluators for all ages and parameters
analyzed (r>0.813,p<0.00001). Thus, for thedevelopmental study,
we present the mean of values from both evaluators.
The changes observed in the weight of the rats closely matched
the normal course of weight gain for the Wistar strain (Fig. 2).
We observed a progressive increase in the distance traveled
(F5, 107 = 107,86) with age until the 21st postnatal day (p<0.001)
(Fig. 3A). There was no difference between P21 and P30. We
observed a decrease in distance between P30 and P60 (p=0.031)
(Fig. 3A). The average speed (F5, 107 = 364,66) showed a progres-
sive increase with age, with signiﬁcant differences between all
ages tested (p<0.001) (Fig. 3B). A slight increase in the aver-
age potency produced (F5, 107 = 481,81) was observed in early life,
with differences only between P21 and P30, and P30 and P60
(p<0.001) (Fig. 3C). The time the animal remained standing in
the ﬁeld (F5, 107 = 90,45) declined by P17, and there were differ-
ences between P8 and P14, and P14 and P17 (p<0.001) (Fig. 3D).
There was an increase in immobility time at P60 compared to
P30 (p<0.001) (Fig. 3D). The number of stops in the open ﬁeld
(F5, 107 = 35,49) showed an increase between P8 and P14 (p<0.001),
followed by a decline between P14 and P17 (p<0.001) (Fig. 3E).
After 60days, another increase in thenumberof stopswasobserved
(p<0.001) (Fig. 3E). The average time spent by the animal at each
stop decreased between P8 and P14 (p<0.001), remaining constant
in the other age groups (Fig. 3F).
One can observe the inﬂuence of age on the time spent in differ-
ent areas of the open ﬁeld (F5, 251 = 8.49, p<0.001) and the study
area (F2, 251 = 217.28, p<0.001) and the interaction of age× area
(F10, 251 = 89.70, p<0.001). Therewas a decrease in the time spent in
the central area for P17, with differences between P8 and P14, and
P14 and P17 (p<0.001) (Fig. 4). The residence time in the interme-
diate area increased between P8 and P14 (p<0.001) and decreased
by P17 compared to P14 (p<0.001) (Fig. 4). In the periphery, there
was an increased duration of residence time until P17 (p<0.001),
followed by reduction at P21 (p<0.001) (Fig. 4). When analyzed
according to age, the time that the animals remained in the central
area was higher compared to the two other areas in P8 (p<0.001)
(Fig. 4). At P14, the time in the peripheral areas differed only in
the intermediate area, becoming greater (p<0.001) (Fig. 4). In all
other ages studied, the animals spent longer in the peripheral area
(p<0.001),withnodifference between the time spent in the central
and intermediate areas (Fig. 4).
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Fig. 2. The body weight of normal rats. Values are the mean± SEM.
F in an
( mob
a , C, D
4
T
m
aig. 3. The development of locomotor activity. Normal rats (n=15) were evaluated
m/s); C, average potency (mW); D, time immobile (s); E, number of stops; F, time im
ge using a one way ANOVA for repeated measures with Tukey’s post-hoc test (A, B
. DiscussionWe present an automatic analysis of locomotion for rodents.
his system was able to recognize the animal, even under low illu-
ination, and analyze all the desired parameters using the same
lgorithms for all tests. The evaluators were responsible for creat-open ﬁeld at the ages speciﬁed for 2min. A, distance traveled (m), B, average speed
ile/number of stops (s). Values are the mean± SEM. *p<0.05, **p<0.001, vs. earlier
and E) or Friedman test and Dunn’s post-hoc test (F).
ing the mask to isolate the open ﬁeld, entering information into the
system about the animal and the process of converting the video
frames without interfering in the algorithm’s values. To test the
system, we analyzed the development of locomotion in normal
rats and the reproducibility of the results between two indepen-
dent evaluators. The results show that the system is able to extract
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ean± SEM. **p<0.001, vs. the same area at an earlier age. a, b, c p<0.001, vs. a dif
NOVA for repeated measures with the Tukey post-hoc test. Fage = 8.49, p<0.001; F
he video information on the movement of animals and that these
ata are reproducible; a high agreement between the results for
ifferent evaluators was observed, as expected because they only
ave inﬂuence on area delimitation. Although the period recorded
2min) is not the most commonly used time (Prut and Belzung,
003) to analyze open ﬁeld behavior and locomotion, we were able
o detect differences between the locomotor patterns among days.
urthermore, this periodwas long enough for the animals (14 post-
atal days or older) to cover the range of the whole arena, thus
llowing us to be sure that the analysis system was capable to track
he animal in all positions of the ﬁeld.
Newsystemsof locomotionanalysis havebeendeveloped. Some
ystems use analysis and present video images to extract the
arameters of the study (Sams-Dodd, 1995; Noldus et al., 2001;
ailoo et al., 2010). Some require that images recorded initially in
nalog mode be scanned for further analysis (Noldus et al., 2001;
unne et al., 2007). This often causes loss of video quality, with
he appearance of noise that can interfere with the extraction of
ata (Noldus et al., 2001). Therefore, our acquisitions were per-
ormed by a video camera directly in digital mode with no analog
torage. Although some authors have captured images directly in
igital form, they still fail to perform the test in a dark environ-
ent (Dunne et al., 2007; Kulikov et al., 2008). In these studies,
hey used or a dim light or indirect illumination. Bailoo et al. (2010)
rovided lighting conditions from 563 to 1743 lux by ﬂuorescents
ights, while Dunne et al. (2007) supplied 60 lux in the center of
rena. However, these lighting intensities could inﬂuence animal
ehavior. Some authors have already suggested that tracking ani-
als in darkness using infrared light could minimize the inﬂuence
f lights on behavior (Lind et al., 2005). Spink et al. (2001) stated
hat illumination should be indirect and even. In ourwork,wewere
ble to assess animal behavior even in an environment with very
ow illumination, which allows us to perform the tests during the
ark phase of the cycle.
Altman and Sudarshan (1975) performed a comparative analy-
is of the qualitative aspects of the locomotion of laboratory rats
Rattus norvegicus) subjected to the open ﬁeld test at ages from P1
o P21. Despite observed differences in the course of development,
hey could not establish values that could be compared to other
tudies. Westerga and Gramsbergen (1990) studied the develop-
ent of locomotion in rats between P10 and P20. Unlike the ﬁrst
tudy, these authors used analysis of pictures of animalswalking on
corridor for the study of locomotion. They were able to perform
ualitative analysis and quantitatively evaluate the kinematics of
alking. However, they could not assess the behavioral differences
resented by the animals during development. Our work, as well
s those cited, was able to show the changes in locomotion during5) were evaluated in the open ﬁeld at the ages speciﬁed for 2min. Values are the
area at the same age (a, central, b, intermediate area, c, peripheral area). Two-way
17.28, p<0.001; Farea× age = 89.70, p<0.001.
development. We observed lower activity early (P8), which stabi-
lized by P21, and the subsequent development of behavioral issues
and improved physical performance. Unlike the work of Westerga
and Gramsbergen (1990), our study allowed us to verify the over-
all performance of the animal through the parameters of distance,
speed andpotency. Our results are in accordancewith the literature
on increased exploration activity and interaction with the environ-
ment between weaning and the 30th postnatal day (Bâ and Seri,
1995).
In our system, we present two types of approaches to loco-
motion: biomechanics and behavior. The ﬁrst was expressed by
parameters such as distance traveled, average speed and average
potency. In these, we seek to express the mechanical movement
capacity of the animal. By studying the animal at different stages of
life and comparing the ﬁndings with literature data, we observed
that the animal’s ability to generatemovement is linked to the level
of maturation, activation and coordination of neural structures
(sensory and motor) (Vinay et al., 2002) and mainly to muscle acti-
vation (Gramsbergen, 1998). For behavioral analysis, we analyzed
the time and number of stops and their relationship in addition to
the spatial distribution of the time the animal spent in the open
ﬁeld. The possibility of extracting behavioral and biomechanical
parameters in the same test is useful because it allows us a broader
vision of locomotion because behavior is inﬂuenced by the ability
to generate movement and vice versa (Prut and Belzung, 2003).
For example, by studying the time spent in the different areas,
we observed that the time spent by P8 animals in the peripheral
area was very small compared to other ages. However, rather than
representing a less active animal (Prut and Belzung, 2003), this
represents a failure of these rats to move to the outer areas, due
to the immaturity of their muscle control and neural maturation
(Gramsbergen, 1998; Vinay et al., 2002). As development contin-
ued, the animals were able to explore larger areas in the open ﬁeld
and demonstrate a more coordinated pattern of locomotion due
to increasing maturation of descending pathways of the central
nervous system (for review, Jamon, 2006). In addition, some drugs
that act on emotional behavior can alter the movement of animals
without acting directly on themuscular system (Sams-Dodd, 1995;
Siemiatkowski et al., 2000). In the study of potency, we are able to
compare animals with different weights and observe if they are
capable of dissipating energy similarly to animals from a standard
situation. Thus, it is possible to study locomotion proportionally to
the weight of animals.
The analysis system was shown to be a useful tool for the study
of locomotion, with a low cost of implementation. The system has
many beneﬁts: it is automatic, requires little time for analysis, the
results are not inﬂuenced by the researcher, and the data are highly
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ocomotor activity and can be used inmany different studies on the
ubject.
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